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Recently, half-quantum vortices – the analogs of the cosmic Alice strings – have been observed in
the polar phase of superfluid 3He in aerogel.1,2 Here we exploit these vortices to study the Kibble-
Zurek (KZ) mechanism of defect formation in the non-equilibrium second order phase transitions3–7
in the presence of symmetry breaking bias. The symmetry breaking bias suppresses the formation
of the topological defects and makes the transition adiabatic, which is important both for thermo-
dynamic phase transitions and for the quantum phase transitions.8 In the polar phase the role of the
symmetry breaking bias is played either by the spin-orbit interaction, or by external magnetic field,
and we used both these factors to measure the suppression of creation of half-quantum vortices. We
experimentally measured the minimal bias required to suppress the formation of the KZ mechanism.
The measured minimal bias is in agreement with the theoretical expectation: the KZ mechanism is
suppressed when the characteristic length scale of the bias field becomes smaller than the charac-
teristic KZ length which depends on the quench time. The physical reason for the suppression of
the KZ mechanism is that under the bias the half quantum vortex becomes part of the composite
topological object – topological soliton terminated by strings.9 The complicated symmetry breaking
and the hierarchy of different energy scales in the p-wave spin-triplet superfluid3He allows us to
consider different types of suppression scenarios, where the creation of different topological defects,
such as half-quantum vortices and the conventional phase vortices, is suppressed by the different
bias fields.
PACS numbers:
I. INTRODUCTION
In the theory of broken symmetry phase transitions the
symmetry violated bias field plays an important role. It
allows to choose between the different degenerate states
below the phase transition point. According to Sinai,10
below this point the Gibbs distribution in the limit of
infinite volume of the system (the so-called limit Gibbs
distribution, the LGD) splits into the separate LGDs for
each of the degenarate states. In this limit the infinite-
semal symmetry breaking bias is sufficient to choose be-
tween different degenerate states.
The situation is different for the non-equilibrium non-
adiabatic thermodynamic3,4 or quantum6 phase tran-
sitions, when the quench produces topological defects,
whose density depends on the quench time τQ. The
quench time is defined as τ−1Q = −d(T/Tc)/dt|T=Tc . In
this situation, the adiabtic regime can be restored if
a finite symmetry violating bias is applied. The bias
must be sufficiently large to overcome the nonadiabadic-
ity caused by the nonequilibrium quench. The crossover
from the adiabatic regime to the non-adiabatic Kibble-
Zurek regime occurs at the characteristic value of the
bias, which depends on τQ. Such crossover has been in
particular estimated for the quantum phase transition in
the Ising chain,8 see next section. The restoration of the
adiabatic regime by the symmetry breaking bias is im-
portant for quantum computing.
II. QUANTUM ISING CHAIN UNDER
SYMMETRY BREAKING BIAS
The restoration of adiabatic regime by symmetry vi-
olating bias was considered in Ref.8 on example of the
quantum Ising chain. Let us illustrate this effect using
the classical counerpart of the model discussed in8:
F (β) = −1
2
cos2 β − g⊥ sinβ − g‖ cosβ . (1)
For g‖ = 0 there is a discrete Z2 symmetry cosβ →
− cosβ, which is spontaneously broken at g⊥ = 1:
cosβ = 0 , g⊥ > 1 , g‖ = 0 . (2)
cosβ = ±
√
1− g2⊥ , g⊥ < 1 , g‖ = 0 . (3)
For g‖ 6= 0 the discrete Z2 symmetry is explicitly bro-
ken, i.e. the term with g‖ is the symmetry violating bias,
due to which the phase transition becomes the smooth
(adiabatic) crossover. This effect competes with the non-
adiabatic Kibble-Zurek effect for the creation of the topo-
logical defects (domain walls). There exists a character-
istic value of the symmetry violating bias, g‖(τQ), which
depends on the quench time τQ. This g‖(τQ) separates
two regimes: the Kibble-Zurek regime of creation of do-
main walls at small bias, g‖ < g‖(τQ), and the adiabatic
regime at large bias, g‖ > g‖(τQ), where the creation of
the KZ walls is suppressed. Thus g‖(τQ) is the minimal
bias required for the restoration of the adiabaticity.
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2III. POLAR PHASE WITH SPIN-ORBIT
SYMMETRY BREAKING BIAS
Here we discuss a similar suppression of the formation
of half-quantum vortices by Kibble-Zurek mechanism, in
a bit different symmetry breaking scheme appropriate for
the polar phase of 3He in aerogel. The minimal bias,
which determines the crossover to the regime of suppre-
sion, is observed in our NMR experiments.
In the polar phase, the p-wave spin-triplet order pa-
rameter is
Aαi = ∆P dˆαmˆie
iΦ . (4)
Here dˆ is the unit vector in the spin space, which
determines the direction of the easy plane magnetic
anisotropy, and the corresponding magnetic anisotropy
term in the energy:
Fso =
1
2
χ⊥(dˆ ·H)2 . (5)
The unit vector mˆ determines the direction of the easy
plane orbital anisotropy. In nafen, this direction is pinned
by the nafen strands. The spin-orbital coupling between
the spin and orbital degrees of the order parameter has
the form:
Fso = gso(dˆ · mˆ)2 . (6)
Let us first consider the situation, when magnetic field
is large compared to spin-orbit scale, H2  H2D =
gso/χ⊥. In this case the dˆ-vector is kept in the plane
perpendicular to the direction of magnetic field. So, if
H = zˆH, one has:
dˆ = xˆ cosα+ yˆ sinα . (7)
If the orbital vector mˆ is tilted by angle µ with respect
to the magnetic field
mˆ = zˆ cosµ+ yˆ sinµ , (8)
the spin-orbit interaction (6) depends on the angle µ and
has the form:
Fso = gso sin
2 µ sin2 α . (9)
For µ 6= 0, the spin orbit interaction in (9) lifts the degen-
eracy over α, and thus it plays the role of the symmetry
violating bias. The prefactor gso sin
2 µ plays the role of
symmetry violating parameter g‖ in Eq.(1), which we can
vary in our NMR experiments.
In the absence of spin-orbit interaction, i.e. at µ = 0,
the symmetry breaking scheme of the second order phase
transition from the normal liquid 3He to the polar phase
is
G = U(1)× SO(2)→ H = Z2 . (10)
Here G is the original symmetry, with U(1) being the
symmetry under the phase transformation and SO(2) -
the symmetry under rotation in spin space about the axis
of magnetic field. The symmetry H is the rest symmetry
of the order parameter in the polar phase, where Z2 is
the spin rotation by pi accompanied by the phase change
by pi. Since the homotopy group pi1(G/H) = Z×Z×Z2,
this symmetry breaking scheme leads to three types of
topological strings: phase vortices in the Φ-field, spin
vortices in the α-field, and half-quantum vortices, where
both Φ and α change by pi.
For µ 6= 0, the symmetry G in Eq.(10) is explicitly
violated by the spin-orbit interaction, and one has the
following symmetry breaking scheme:
G˜ = U(1)→ H˜ = 1 . (11)
Now the homotopy group is pi1(G˜/H˜) = Z, which means
that only one type of topologically stable strings is left:
these are the phase vortices, which are not influenced
by spin-orbit interaction. The other topological defects,
spin vortices and the half-quantum vortices, become the
end lines of topological solitons.9 The thickness of the
topological solitons formed between the pairs of quan-
tum vortices depends on µ, which allowed us to identify
these solitons and measure their number in our previous
experiments.1,2
IV. SUPPRESSION OF CREATION OF
HALF-QUANTUM VORTICES BY SPIN-OBIT
BIAS
The minimal bias µ(τQ) required to suppress the for-
mation of the half-quantum vortices is determined by
comparison of the Kibble-Zurek length scale, lKZ, with
the characteristic length scale of the bias, ξbias. This
criterion is smilar to that discussed in Ref.8.
The characteristic bias length appropriate for the
HQVs can be estimated from the following considera-
tion. If the bias is large then the half-quantum vortex is
not an individual topological object. It is the part of a
combined defect – the soliton terminated by vortices.9 As
a result the creation of HQVs by the KZ mechanism is
suppressed. On the other hand, if the bias is small, the
thickness of the soliton is larger than the distance be-
tween the created KZ vortices, and the bias is not effec-
tive. So, the characteristic length scale of the bias, which
should be compared with KZ length lKZ, is the thickness
of the soliton, ξbias = ξso/ sinµ, where ξso ∝ g−1/2so is the
characteristic length scale of spin-orbit (dipole-dipole) in-
teraction in superfluid 3He.
The Kibble-Zurek length scale is lKZ = ξ0(τQ/τ0)
1/4,
where ξ0 is the superfluid coherence length at low tem-
perature and τQ the quench time. Then lKZ = ξbias gives
the following minimal bias for suppression of HQVs:
sin2 µ(τQ) =
ξ2so
l2KZ(τQ)
=
ξ2so
ξ20
(τ0/τQ)
1/2 . (12)
Red and black points in Fig. 1 demonstrate the ob-
served crossover from the Kibble-Zurek regime of the cre-
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FIG. 1: NMR signals, which measure the density of half-
quantum vortices for fixed quench times, as a function of the
bias (transverse component of magnetic field H⊥ with respect
to the anisotropy axis). The red points (circles) and the black
points (triangles) are from the fast and slower quenches cor-
respondingly in the situation when the magnetic field magni-
tude H is constant, but the field is tilted by angle µ. In this
regime the horizontal axis is H⊥ = H sinµ. The Kibble-Zurek
regime of formation of vortices at µ < µ(τQ) transforms to the
”adiabatic regime” for half-quantum vortices at µ > µ(τQ),
where their formation is suppressed. For the red points this
occurs at about 1 mT field tilt. The blue points (squares) are
the result of the fast quench rate, but in the regime when the
bias is served by the transverse magnetic field at zero axial
field, H ⊥ mˆ. In this regime the horizontal axis is H⊥ = H.
The solid lines represent estimates from theory.
ation of half-quantum vortices at µ < µ(τQ) to the regime
of the suppression of creation by the spin-orbit bias at
µ > µ(τQ) for two values of quench time τQ, and thus for
two values of the Kibble-Zurek length scale lKZ(τQ). The
KZ length scale lKZ(τQ) has been estimated in our NMR
experiments from the intensity of the satellite peak after
the quench at given τQ without the bias. The intensity of
the peak measures the number of half-quantum vortices
created by the KZ mechanism, and thus determines the
distance between them. Assuming that vortices created
by KZ mechanism are immediately pinned by the nafen
strands, we obtain the KZ length. Previous experiments
demonstrated that such assumption is reasonable. Us-
ing the experimental data on lKZ(τQ), we can estimate
the critical angle µ(τQ), which determines the crossover
between the plateau and exponential relaxation. The
solid lines in Fig. 1 represent this theoretical expecta-
tion. The satellite intensity (HQV density) is expected
to be constant until a critical field in the transverse di-
rection is reached (Hc = H sinµ(τQ)). The critical field
corresponds to the case where the soliton width ξso/ sinµ
equals the inter-vortex distance. Beyond the critical field,
the satellite intensity is assumed to decay proportional to
exp(−H⊥/Hc). This assumption breaks down when the
inter-vortex distance becomes comparable to the sample
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FIG. 2: The relaxation rate (1/τ) of magnon BEC in pulsed
NMR measurements compared with the satellite intensity for
a quench rate τQ ∼ 200 s, scaled to arbitrary units. The
relaxation rate observed after very large quench time (non-
KZ contribution) has been subtracted. The magnetic field
amplitude is constant, but is tilted according to the trans-
verse field component. The relaxation rate is sensitive to
both HQVs and phase vortices. For the phase vortices the
adiabatic regime does not occur, since the U(1) symmetry is
not influenced by the spin-orbit interaction. It is seen that the
magnon BEC experiences extra relaxation at transverse field
values, where the HQV signal has already disappeared, but
eventually reaches the level corresponding to no KZ vortices.
The largest transverse field value (∼ 11 mT) corresponds to
µ = 90◦.
size. This is indicated by a constant value of satellite
intensity of the solid lines.
V. MAGNETIC FIELD AS SYMMETRY
VIOLATING BIAS
We also made experiments with another realization of
the symmetry violating bias: when the magnetic field
plays the role of the bias. This is the case of the weak
magnetic field oriented perpendicular to the orbital vec-
tor mˆ. In zero field the spin orbit interaction in Eq.(6)
keeps the dˆ-vector in the plane, which allows the ex-
istence of half-quantum vortices. The nonzero trans-
verse field violates the symmetry under rotation about mˆ,
which leads to the solitons terminating the half quantum
vortices. The soliton has the thickness of the magnetic
length ξH , and thus ξbias = ξH = ξsoHD/H for H < HD.
The comparison of ξbias with the Kibble-Zurek length
scale lKZ = ξ0(τQ/τ0)
1/4 gives the following estimation
for the minimal bias required for the suppression of the
creation of HQVs:
H(τQ) = HD
ξso
ξ0
(τ0/τQ)
1/4 , if H < HD . (13)
4For H < H(τQ) the HQVs are formed in the Kibble-
Zurek scenaro, while for H > H(τQ) there is the adi-
abatic regime for these vortices: their creation is sup-
pressed.
This is demonstrated by the blue points in Fig. 1. For
the theoretical solid lines in this case the critical field
is scaled by the ratio of Larmor field and dipole field:
H˜c/Hc = HL/HD ∼ ωL/ΩP =
√
fL/∆f . The dipole
length (ξD = 17µm) has been scaled by a factor 1/2
between the red and blue points. Otherwise no fitting
has been performed.
VI. KZ FOR PHASE VORTICES
The estimates (12) and (13) are appropriate for HQVs,
but not for the phase vortices. The spin-orbit interaction
and magnetic anisotropy do not violate the U(1) symme-
try, i.e. they do not lift the degeneracy over the phase
of the order parameter. Thus the phase vortices remain
free, as distinct from the HQVs, which in the presence
of strong bias are connected by the topological solitons.
Nevertheless these two factors may influence the struc-
ture of the vortex core. The core structure in p-wave
superfluids is rather complicated. Different broken sym-
metry phase transitions exist between configurations of
the vortex core. Example is the vortex in 3He-B, in which
the SO(2) symmetry of the vortex core is spontaneously
broken.11–13 It is the analog of the broken symmetry
in the Witten superconducting cosmic string, where the
electromagnetic U(1) gauge symmetry is broken in the
string core.14
In the polar phase, the spin-orbit interaction and mag-
netic anisotropy may play the role of the symmetry vi-
olating bias for the phase transitions inside the vortex
core. The second crossover observed in the NMR exper-
iments under condition when the HQVs are not formed
(see Fig. 2), can be related to the suppression of such
symmetry breaking transition inside the vortex core. The
suppression is expected when H ∼ HD.
VII. CONCLUSION
We observed the crossover from the Kibble-Zurek
regime of the creation of half-quantum vortices and the
adiabatic regime, where their creation is suppressed by
the symmetry violating bias. The crossover to adiabatic
regime takes place when the Kibble-Zurek characteristic
length becomes larger than the thickness of the topologi-
cal soliton, which connects two neighboring half-quantum
vortices. In our experiments, the symmetry violating bias
is provided either by spin-orbit interaction or by external
magnetic field. In both cases the minimal bias required
for the suppression of the Kibble-Zurek mechanism was
measured. We also found that these biases also suppress
creation of the conventional phase vortices, presumably
by violating the symmetry of the core structure.
The similar bias mechanism of the restoration of adi-
abadicity is imporatant in quantum transitions.8 More-
over, it is not excluded that the bias plays the major role
in the so-called collapse of the wave function in quantum
mechanics. In principle, the latter can be considered as
a kind of the phase transition occuring in the continuous
spectrum of the infinite system.15–18 One of the many
quantum states participating in the quantum superpo-
sition can be selected by the infinitesemal bias, which
cannot be avoided in any measurement.
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